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It has long been known that the products of
animal metabolism of carbohydrates are carbon
dioxide, water and energy. The energy is uti-
lized by numerous body processes, the water
enters into the body's balance of fluids and
the carbon dioxide is eliminated via respiratory
or renal routes. In the past it was commonly
accepted that only plants utilize CO2 in the
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photosynthetic process, but in recent years
several biochemical reactions have been de-
scribed in which 002 is utilized by animals.
Wood and Werkman (1) in 1936 were the first to
report 002 utilization by non-photosynthetic
bacteria. This reaction became known as the
phosphopyruvate carboxykinase or oxaloacetic
carboxylase reaction (see reaction 1). A second
002 fixation reaction was suggested by the
work of Ochoa et at. (2) and characterized by
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Beiga et at. (3).This was the malic enzyme reac-
tion (see reaction 2). Two other mechanisms for
002 utilization were then described: reversal of
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the oxalosuccinic carboxylase reaction (4) (see re-
action 3) and the propionyl carboxylase reac-
tion (5) (see reaction 4). The most recently dis-
covered fixation reaction has been the pyruvic
carboxylase reaction (6) (see reaction 5).
Carbohydrate metabolism in skin has been a
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controversial subject in recent years. The citric
acid cycle is the main pathway of carbohydrate
utilization, but Barron et cu. (7) and Rothman
(8) felt pathways other than this cycle were used
by the skin. Firschein and Bell (9) provided pre-
sumptive evidence for the existence of the
citric acid cycle in rat skin. Pomerantz (10) fol-
lowed the metabolism of glucose-2 and 6 C14 by
isolating and degradating the intermediates of
the citric acid cycle. He concluded the cycle
operates in rat skin by the characteristic pat-
terns of labeling in the cycle intermediates were
somewhat modified by other reactions. One of
these other reactions postulated by Pomerantz
was the carboxylation of pyruvate or phos-
phopyruvate to produce oxaloacetate. This
paper presents evidence to confirm the hypothe-
sis that CO2 fixation does occur in the skin and
suggests which of the fixation mechanisms is
possibly responsible. The roles of CO2 fixation
in carbohydrate metabolism and the clinical
significance of these reactions are also dis-
cussed.
METHOD
Albino rats of the Holtzman strain less than
one week old were decapitated and the skin re-
moved, scraped free of subcutaneous tissue and
placed in Warburg flasks. Sixteen grams of skin
were incubated for one hour at 37.5°C with 0.6
mmole of glucose, 12 mmole of oxaloacetate, 12
mmole of malate and 6 ml of 0.1 M NaHC14O8 . The
reaction was stopped by the addition of 15 ml of
3N HC104 and the mixture homogenized followed
by centrifugation. The supematant was taken up
in Celite and the organic acids removed by ether
extractions.
Oxaloacetate was separated from the other or-
ganic acids by Celite column chromatography
adapted from a procedure described by Marvel and
Rands (11). The pyruvate, oxaloacetate and malate
were identified by the location of their character-
istic peaks on a titration curve (see Fig. 1) of 10
ml effluent fractions. The curve also provided an
approximate quantitation for the three acids. The
oxaloacetate was then stabilized by the formation
of its 2 ,4-dinitrophenylhydrazone. The identity
and purity of this derivative were confirmed by
paper chromatography (see Fig. 2).
A known amount of oxaloacetate hydrazone
was decarboxylated in a Schmidt tube by boiling
the hydrazone for fifteen minutes in 15 ml of 3N
H,SO4. The evolved CO2 was collected in a so-
dium hydroxide bubbler trap. The qualitative ef-
fectiveness of the decarboxylation was determined
by paper chromatography and the quantitative
effectiveness determined by the change in the
weight of the sodium hydroxide trap. Total car-
bon determination of the oxaloacetate hydrazone
was done by the Van Styke-Foich (12) method.
The specific activity of the decarboxylation CO2
and the total carbon CO2 was determined by pre-
cipitation with Ba Cl2 and counting by a Geiger
thin window gas flow counter.
RESULTS
Initial attempts to establish a definitive pro-
cedure required several revisions to reduce de-
carboxylation of oxaloacetate to pyruvate and
CO2. As seen in Figure 1, a considerable amount
of pyruvate was stifi produced, although suffi-
cient oxaloacetate remained. Figure 1 also shows
the chromatography system used provided a
good separation of the pyruvate, oxaloacetate
and malate.
An estimation of the recoverability of the
oxaloacetate and malate could be made from
the quantity of standardized sodium hydroxide
used in the titration of the effluent fractions
from the chromatography column. The recov-
ery of oxaloacetate was 0.19 mmole which is a
15.9% recovery. The large peak which initially
came off the Celite column was shown to be
pyruvate by characterization of its hydrazone
derivative. This represents pyruvate from non-
enzymatic decarboxylation of oxaloacetate. The
recovery of malate was 0.90 mmole which
amounts to a 75.3% recovery.
The chromatography procedure whose re-
sults are shown in Figure 1, was designed to
separate oxaloacetate from pyruvate and mal-
ate. Other citric acid cycle intermediates were
not detected, but as shown by others, (11) these
acids come off the column at characteristic
areas. The possibility of these compounds con-
taminating the oxaloacetate was reduced by
the formation and purification of the hydrazone
derivative. The reaction requires a keto group
and is therefore limited to pyruvate, -keto-
glutarate and oxaloacetate. The pyruvate was
shown to come off the column much before the
oxaloacetate. Possible contamination by a-keto-
glutarate was excluded by paper chromatog-
raphy of the derivative which showed it to be
free of other hydrazones as well as unreacted
phenyihydrazine (see Fig. 2). The percentage
of oxaloacetate collected from the chromato-
graphic column which was recovered as the
purified hydrazone derivative was 85.3%.
The decarboxylation procedure devised and
used here produced an amount of CO2 which
was 74.2% of the theoretical yield. The effective-
ness of the decarboxylation is also gauged by
the paper chromatography of the material re-
maining after decarboxylation. As seen in Fig-
ure 3, this material was shown to be pyruvate
hydrazone and a trace of unreacted oxaloace-
tate hydrazone. The total carbon oxidation of
the oxaloacetate hydrazone produced 98% of
the predicted yield of CO2.
Two experiments using identical procedures
were carried out. In experiment 1 the specific
activity of the CO2 from the total oxidation of
the oxaloacetate hydrazone was 4.62 x 108
cpm/mmole CO2 and that of the decarboxylated
B carboxyl from the same compound was
2.26 x 10' cpm/mmole CO2. In experiment 2
the total carbon specific activity was 3.84 x
108 cpm/mmole CO2, and the decarboxylated
CO2 1.71 X 10 cpm/mmole CO2. From the
data, the average specific activity of the three
carbons of the pyruvate portion of the oxalo-
acetate can be determined since the hydrazone
portion of the molecule has no labeling. The
average specific activity of these three carbons
in experiment 1 was 7.8 x 108 cpm/mmole
CO2 and in experiment 2, 7.1 x 108 cpm/mmole
CO2 . This data is represented in Table I.
DISCUSSION
The results indicate that CO2 fixation does
occur in young rat skin, but which of the sev-
eral mechanisms described is utilized or is the
most significant caimot be absolutely deter-
mined. Decarboxylation of the oxaloacetate
hydrazone shows 492% and 44.5% of the total
activity located in the B carboxyl in experi-
ments 1 and 2 respectively. If it can be assumed
that there is no C1' incorporated into carbons
two and three of oxaloacetate, the a carboxyl
will contain 50.8 and 55.5% of the labeling in
these two experiments. This assumption is
probably valid because by the mechanisms of
the phosphopyruvate carboxykinase, malic en-
zyme, pyruvate carboxylase and propionate
carboxylase reaction, the CO2 is fixed only into
carboxyl groups. The carboxyl carbons are
those which are oxidized to CO2 in the subse-
quent rounds of the citric acid cycle and there-
fore are unable to get into positions two and
three of oxaloacetate.
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With approximately even distribution of the
C'402 in the two carboxyl groups of the oxalo-
acetate, one must postulate an intermediate
symmetrical molecule which would allow for
randomization of the carbons of the two car-
boxyi groups. Such would be the case with the
propionyl carboxylase and malic enzyme fixa-
tion systems. Succinate, the product of the
propionyl carboxylase reaction, is itself a sym-
metrical molecule. The oxidation of succinate to
oxaloacetate involves fumarate which is a sec-
ond symmetrical molecule. Although theo-
retically possible, the propionyl carboxylase
reaction is probably not quantitatively signifi-
cant because only minute amounts of free
propionic acid could exist in the skin and none
is formed by glycolysis (13). The malate formed
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FIG. 3. Paper chromatography which demon-
strates the products of oxaloacetate hydrazone de-
carboxylation (3) to be pyruvate hydrazone (1)
and unreacted oxaloacetate hydrazone (2).
3 4'
Fm. 2. Paper chromatography which demon-
strates the derivative (4) to be the oxaloacetate
hydrazone (3) uncontaminated by a-ketoglutarate
hydrazone (2) or pyruvate hydrazone (1).
by the malic enzyme reaction is in equilibrium
with the symmetrical fumarate via the readily
reversible fumarase reaction. Oxaloacetate
formed by the phosphopyruvate carboxykinase
reaction or the pyruvate carboxylase has less of
an opportunity for randomization. These reac-
tions do not involve a symmetrical intermedi-
ate in the generation of oxaloacetate. If ran-
domization were to occur, it would involve
reversal of the normal direction of two reactions.
The malic decarboxylase reaction would have to
be reversed to produce malate as well as the
fumarase reaction to convert malate to sym-
metrical fumarate. The propionyl carboxylase
and malic enzyme reactions best explain the re-
suits of the experiments, but the presence of the
phosphopyruvate carboxykinase and pyruvate
carbxoylase reactions caimot be ruled out.
Now that CO2 fixation has been shown in
skin, one may speculate on its value. Work per-
taining to the significance of CO2 fixation has
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TABLE I
The di8tribution of activity in the oxaloacetate molecule
cpm/mmole CO Percentage activity
Experiment Experiment
1 2 1 2
COOH
CH
Total
Average
COOH
2.26 X 1O
2.36 X 10
7.8 X 10'
1.71 X l0
2.13 X 10
7.1 X 10'
%
49.2
50.8
%
44.5
55.5
been centered on the phosphopyruvic carboxy-
kinase, malic enzyme and pyruvic carboxylase
reactions. These reactions appear to be impor-
tant in two aspects of carboxyhydrate metabo-
lism: their value as a means of supplying
citric acid cycle intermediates and their value
in reversing the pyruvic kinase reaction in the
synthesis of glucose and glycogen from such
substances as pyruvate and lactate.
Cortisol, (14, 15) insulin, (16) biotin, (17, 18,
19) and ammonia (20) influence th CO2 fixation
reactions. Abnormalities in the body's concentra-
tion of these substances are associated with der-
matologic manifestations: Cushing's disease,
Addison's disease, diabetes mellitus, biotin defi-
ciency states (21, 22, 23) and chronic liver dis-
ease. Are abnormalities in carbohydrate metabo-
lism brought on by changes in the CO2 fixation re-
actions responsible for some of these skin
changes? Just how important to our integu-
ment are CO, fixation reactions? Further in-
vestigation in this field is needed to provide
the answers to these questions.
SUMMARY
Carbon dioxide has been known for some
time to be one of the products of carbohydrate
metabolism. More recently it has been demon-
strated that CO2 is utilized in pathways of
carbohydrate synthesis. Five reactions have
been described by which CO, is incorporated
into citric acid intermediates. Two important
functions of CO2 fixation reactions have been
suggested. Citric acid cycle intermediates can
be generated by the fixation reactions and
schemes utilizing two of the reactions will re-
verse the pyruvic kinase reaction. The latter is
a step essential to glucogenesis.
This paper shows that carbon dioxide fixation
occurs in rat skin. The labeling pattern of
oxaloacetate after fixation is consistent with
patterns predicted by either the malic enzyme
or propionyl carboxylase fixation reactions. The
presence of the phosphopyruvic carboxykinase
and pyruvic carboxylase reactions cannot be
definitely ruled out by the experimental data.
More work on the enzymatic level should show
the significance of these various fixation reac-
tions in skin. Further experiments may also
elucidate a relationship between factors known
to affect the fixation reactions which also pro-
duce gross and microscopic changes in skin.
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